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THESIS ABSTRACT 
NAME:                          Yakubu Sani Wudil 
TITLE OF STUDY:      Phase separation in aqueous-organic nanodroplets  
MAJOR FIELD:            Physics 
DATE OF DEGREE:     JANUARY, 2017 
Supercooled and nano-confined water occur frequently as nanometer-sized aqueous-organic 
aerosol droplets that are ubiquitous in the atmosphere and in many industrial processes such as 
natural gas refining. Nanodroplet structure is important because it influences droplet growth, 
evaporation rates, nucleation rates, and radiative properties.  We used classical molecular 
dynamic simulations to study the structure of binary water-butanol nanodroplets for several 
temperatures and droplet sizes. Water-butanol interactions are modeled using a LJ potential with 
energy and size parameters adjusted to reproduce experimentally observed mutual binary 
solubility of equilibrium water-butanol system at room temperature. To compare with the results 
of the density functional theory (DFT) [Phys. Chem. Chem. Phys., 8, 1266-1270 (2006)], we 
focus on T=250 K. Our simulations show three different structures according to the butanol 
concentrations. For low concentrations, we observe a core-shell (CS) structure where a butanol 
shell completely wets a rich water core. For high concentrations, perfect well-mixed (WM) 
structure occurs as the water and the butanol become highly miscible. For intermediate 
concentrations of butanol, we found a distinct phase separated (Russian Doll)-Shell (RDS) 
structure for water/butanol nanodroplets. This RDS structure consists of a nearly spherical rich 
water droplet partially wetted by a well-mixed water/butanol convex lens (RD) and this lens-on-
sphere structure is coated by a thin shell of butanol. Moreover, we study the stability of our RDS 
structure for higher temperatures. 
 ix
 
 الرسالة ملخص
 
عضوٌة نانوٌة الحجم حٌث تنتشر -تحدث عملٌة التبرٌد الفائق والحبس النانوي للماء على شكل قطرات مائً
 فً كل مكان داخل الغلاف الجوي وفً مجالات صناعٌة عدٌدة. أهمٌة معرفة البنٌة التكوٌنٌة للقطرات
النانوٌة ٌعزا الى انها تأثر على عدة ظواهر طبٌعٌة مثل معدل نمو القطرات ومعدل التبخر ومعدل تكون 
النوى التً تشكل اجنة لتحول المادة من حالة الى أخرى بالإضافة الى الخصائص الاشعاعٌة للقطرات. لقد 
القطرات لعدة درجات حرارٌة  استخدمنا طرٌقة محاكاة الدٌنامٌكا الجزٌئٌة المحوسبة لدراسة بنٌة هذه
جونز لحساب -وتراكٌز مختلفة للبٌوتانول العضوي. لقد قمنا بمعاٌرة المعاملات اللازمة فً اقتران لٌنارد
 التفاعل بٌن الماء والبٌوتونال حٌث قمنا باعتماد المعاملات التً أعطت مستوا امتزاج مناسب بٌن المركبٌن
 .mehC .mehC .syhP[ )TFD(جنا مع نتائج نظرٌة الكثافة الوظٌفٌة . ولكً نقارن نتائعند حرارة الغرفة
درجة مطلقة. عند درجات حرارٌة  250قمنا بالتركٌز على درجة الحرارة  ])6002( 0721-6621 ,8 ,.syhP
منخفضة، تم رصد ثلاثة اشكال بنٌوٌة مختلفة للقطرات النانوٌة حسب تركٌز البٌوتانول. فعندما ٌكون 
، فنن  ٌكون قشره تغطً نواة ننٌة بالماء. بٌنما ٌختلط البٌوتانول والماء تماما عند التراكٌز تركٌزه قلٌلا
العالٌة. اما الشكل البنٌوي الممٌز فٌحدث عند التراكٌز المتوسطة حٌث ٌحٌط مزٌج من الخلٌط بنواة ننٌة 
            بالماء وٌغلفهما قشرة رقٌقة من البٌوتونال.                       
 
 
 
 
 
 
CHAPTER ONE 
INTRODUCTION 
1.1 Background and Applications 
A number of molecular computational works for the study of liquid/vapor interfaces have been 
presented in many literatures. However, not many are reported for liquid/liquid interfaces. 
Molecular Dynamics (MD) simulation of Hexane/water interface has been reported in the work 
of Carpenter and Hehre [1]. They  noticed that few molecules of hexane was surrounded by 
water, which is not in agreement with the conventional characteristics of the solubility of hexane 
in water and attributed the inconsistency to the type of intermolecular potentials employed i.e. 
standard Optimized Potentials for Liquid Simulations (OPLS) and Simple Point Charge (SPC) 
parameters. Meyer and his team [2]  investigated two immiscible liquids through employing two 
identical Lennard-Jone‘s (LJ) potentials. They used modified LJ potential in order to vary the 
liquids‘ miscibility to compute the interactions between two atom types (L1 and L2). They 
concluded that reduced miscibility is resulted through reducing the attractive part of the 
potential.  
The spatial arrangement of different kinds of species in a droplet plays a vital role on the 
interaction of the particle with its environment. Contemporary researchers in the field of 
aqueous-organic nanodroplets have focused mainly on organic species that are partly soluble in 
water. The mixtures exist in two phases having miscibility gaps; the water rich layer (L1) and the 
organic rich layer (L2) whose composition  is dependent on the type of the organic substance. As 
revealed in the experiment of Small Angle Neutron Scattering (SANS) [3] and in theoretical 
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Density Functional Theory (DFT) [4] studies and Lattice Monte Carlo simulations [5] made for a 
model of binary structures that follow these characteristics, such non ideality is capable of 
creating internal structures in nanodroplets.  
The DFT section considers the model as a system consisting hard spheres with Yukawa 
attractive forces. The choice of the force parameters and the sphere diameters was made such 
that the result agrees with measured surface tensions, vapor pressures and densities of pure bulk 
water and pentanol at 250 K [4]. The properties of the binary nanodroplets was then determined 
through the application of mean field DFT. Analysis of the results shows that the model of the 
water-pentanol matches the traits of the real water-pentanol mixture. 
Two main classes of droplets were discovered [4], the well mixed (WM) and Core-shell (CS)  
structures as shown in Fig. 1 for two average sized nanodroplets. For the well-mixed structure, 
the density profiles are somewhat flat throughout the droplet. Towards the vapor liquid interface, 
the water density decays rapidly leaving behind a mostly pentanol coating on the droplet surface. 
These structures mimic the bulk L2-vapor interface. In the same vein, the (CS) structure mimic 
the bulk L1-Vapor interface and agrees with the SANS measurements [3] in that the core 
contains plenty water and the concentration of the pentanol remains less until the vapor-liquid 
interface is attained. At the interfacial zone, the density of the water falls significantly while 
pentanol density profile is approximately a Gaussian shaped adsorbed layer. The thickness and 
density of this adsorbed layer change with the pentanol vapor concentration. 
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Fig. 1: Dimensionless density profiles of (a) A well-mixed structure. (b) A core-shell structure [4]. 
The above figure shows the density profiles of critical droplets at vapor state activities ap= 1.002, 
aw= 1.178 where ai=Pi/Pi0 with Pi and Pi0 actual and equilibrium vapor pressures of species i, 
respectively. The mol% of pentanol is 2.64% in the bulk gas phase. The dashed line describes the 
droplet size. The structures exist at the same temperature and vapor composition. 
From the DFT study of the water-pentanol mixture, a bi-structural region of both the well-mixed 
and core-shell is determined where the pentanol concentration is moderate [4]. In this region, any 
of these classes of structures is bound to exist. The structural phase diagram for aerosol 
nanodroplets is shown in Fig. 2. The thick lines represent the vapor Binodal compositions.  
 
Fig.2: A structural phase diagram for aerosol nanodroplets [4]. 
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In the bi-structural zone, either of the droplets can exist at the same vapor state but with different 
free energies. For the top left and bottom right, only the well-mixed and core-shell structures can 
be found, respectively. For the purpose of this work of water-butanol, the bi-structural region can 
be explored by varying the concentration of butanol at constant water concentration and 
temperature using canonical (NVT) molecular dynamics simulations. 
One of the major energy sources in Saudi Arabia is the natural gas. In addition to methane, 
which forms the primary constituent of the natural gas mixture, the gas contains many other 
compounds like butanol, ethane, propane, water and higher aqueous-organic clusters. Each 
component of the mixture is of particular significance for various industrial and domestic usages. 
The conventional options for separation of this mixture involves use of chemicals or lowering the 
dew point of the natural gas (the temperature at a given pressure) at which 
the hydrocarbon components of any hydrocarbon-rich gas mixture start to condense out of the 
gaseous phase by removing water and hydrocarbon condensates. In both cases, the processing 
equipment is large and requires skilled work force.  
The emergence of supersonic separation in the gas industry has become outstanding owing to its 
effectiveness and environmental safety. For a given pressure, each constituent has its 
condensation temperature. Hence, the principle of separation of this mixture into various 
components requires cooling the flow to the desired temperature [6]. The supersonic separation 
involves cooling the gas to induce droplet formation and growth in the separation chamber, a 
cyclonic gas/liquid separator to capture the condensate and a diffuser to recompress the dried gas 
and keep the overall pressure loss across the device to ~25%. This mechanism has several 
advantages over the conventional ones in that, they do not require use of chemicals, they have no 
moving parts and they are not heavy compared to the traditional mechanism [7].  
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As the separation goes supersonic, key questions remain pertaining droplet formation and growth 
rates in the vapor mixture, these questions are not unconnected with the droplet structure. The 
literature shows that hydrocarbons can inhibit water condensation because they wet the water 
surface to a good extent but the water only poorly wets the hydrocarbon surface [8], [9]. On the 
other hand, high pressure methane reduces the interfacial tension between organic and aqueous 
phases, thereby modifying the droplet structure and hence affecting the nucleation and growth. 
Recent studies of species with small miscibility reveals that three types of structures can form; 
well mixed, core-shell and a non-spherical, partially segregated structure termed ―Russian doll‖ 
(RD) structure depending on the vapor composition, temperature, miscibility and the interfacial 
tensions of the species [4], [10]. 
The primary concern of this work is therefore to investigate, using molecular dynamic 
simulation, the structures of organic nanodroplets, particularly water-butanol nanodroplets, 
created in this separation method in highly non-ideal water-butanol systems under conditions 
equivalent to those found in the supersonic separators with a view to improving the energy 
efficiency of natural gas production. 
 The field of droplets is increasingly drawing attention of researchers particularly in the specialty 
of aerosol science, atmospheric science and natural gas production. This is due largely to the 
existence of several components in the mixture. Several compounds interact uniquely with other 
constituents of the complex mixture based on their miscibility and other distinguishing properties 
such as vapor pressure and structure.  
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Recently, natural gas separators have been developed [6] that combine (1) a supersonic 
expansion of a swirling flow to cool the gas and induce droplet formation and growth, (2) a 
cyclonic gas/liquid separator to capture the condensate, and (3) a diffuser to recompress the dried 
gas and keep the overall pressure loss across the device to ~25%. Worldwide, five of these 
devices are now in commercial operation. The oldest, operating in East Malaysia since 2003, 
processes 600 MMSCFD of sour gas on an offshore platform [6]. Twister BV 
(http://www.twisterbv.com/), is the world leader in developing and implementing this 
technology.  
The tube, Fig. 3, is the heart of the system that combines adiabatic cooling, in which no heat 
enters or leaves the system, with cyclonic separation in a single, compact device. Adiabatic 
cooling is accomplished through a Laval nozzle — an aerodynamically shaped venturi tube  
which achieves an isentropic expansion efficiency of more than 80%. The swirling motion is 
generated by a fixed static vane ring at the entrance of the Laval nozzle. The swirl strength 
increases strongly due to the contraction in the nozzle, resulting in a centrifugal field of around 
500,000g. The fine dispersed liquids formed during the adiabatic expansion and cooling are 
separated as a result of the centrifugal forces exerted by the strong swirling flow, and removed 
from the dry flow at minimum temperature and pressure with significantly high separation 
efficiency. At the point where liquid/gas separation takes place, the total fluid velocity is around 
1,312 ft/second (400 m/second) resulting in a maximum gas residence time inside the tube of less 
than 2 milliseconds. The remaining kinetic energy in the separated flows within the tube is 
transformed to increased static pressure in the diffuser sections. 
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Fig. 3:  A cross-section view of the tube shows separation elements [http://twisterbv.com/]. 
1.2 Binary Nanodroplet Structures 
The structural studies of nanodroplets generally provides broader picture to the spatial 
distributions of the various chemical species inside the droplet. The concept is mostly applied for 
droplets having many thousands down to tens of molecules. The energy of formation of the 
droplets is strongly influenced by the structure. This in turn has a major effect on the rates of 
droplets growth, evaporation as well as the nucleation rate. The interactions of aerosol droplets 
and their environments are also affected by the structure. This influences phenomena such as 
trace gas adsorption and uptake, heterogeneous chemistry and radiative characteristics of bigger 
droplets. In this work, we focus on understanding the structures in highly non-ideal water-
butanol systems using molecular dynamics simulations.  
There is increasing and considerable evidences for the existence of multicomponent 
homogeneous nucleation of particles [11]–[13]. Under the normal circumstances, these particles 
would eventually increase in size to several nanometer size ranges up to the time they turn to 
Aitken nuclei. Continuous size increase of these particles may lead to the formation of cloud 
condensation nuclei. Despite the broad research in the field, some of the details are however still 
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unclear, and will depend on the atmospheric chemical compositions and local thermodynamics 
conditions to mention but few. It is evident that partial pressures, temperature and chemical 
identity of the species present play a great role on growth rates and particle nucleation. These 
factors also firmly affects the critical nuclei‘s structure and of the larger post critical droplet. 
1.2.1 Large Nanodroplets 
Recent theoretical and experimental studies conducted with a view to exploring aqueous-organic 
nanodroplets structure are strongly facilitated by the atmospheric significance of these systems 
[14], [15]. Ideally, the organic systems are not considerably soluble in water. They are only 
sparingly soluble for non-bulk mixtures. For the bulk specie mixtures, there exists a miscibility 
gaps between organic-rich and water-rich phases.  The composition of the organic-rich layer 
depends on the organic species‘ nature.  The phase behavior makes one to expect the existence of 
non-uniform distribution of the organic particles in the water-rich phase of the aqueous-organic 
aerosol droplet.  It can exist in the form of aqueous core inside organic material shell [16]. The 
existence of such core-shell structures has been supported experimentally from SANS 
measurements on moderately miscible species of water/n-butanol [17] and even more evidence 
from surface analysis of atmospheric aerosol particles [18]. The structures of aqueous organic 
nanodroplets that can exist under various conditions have been immensely explored by two 
recent theoretical studies. Both lattice Monte Carlo and DFT techniques were employed to deal 
with binary fluid models that imitated the properties of slightly miscible aqueous-organic 
systems [19].  
The DFT of Wilemski and Li [4] is based on attractive Yukawa forces existing between the 
binary mixtures of hard spheres. This means is a continuation on the work of spherical droplet of 
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Sullivan‘s theory [20] of interface for binary Vander-Waal‘s fluid. It is closely related to the 
DFT of Oxtoby and Zeng [21] for nucleation in binary fluid. and it generalizes the work of 
Oxtoby et al. [22] for unary systems. In these theories, the species density defines the grand 
potential. The type of the dependence defines the complexity of the evolving Euler-Lagrange 
equations that have to be solved in order to get the droplet density profiles at equilibrium. The 
simplest and earliest functionals require the local density and random phase approximations.  
The effect of temperature on the structure of nanodroplets has recently been addressed in the 
work of Ning and Wilemski [4]. They carried out Monte Carlo simulations of model aqueous 
nanodroplets having approximately 4000 particles. Their work is a generalization of the previous 
lattice Monte Carlo work of Pakula and Cordeiro [23] who conducted their simulation on unary 
droplets. They used a simple FCC model having nearest neighbor interactions.  
Recent MD simulations and cylindrical coordinates DFT have demonstrated that nanodroplets 
containing immiscible water and nonane are non-spherical and  highly phase separated [24]. The 
‗Russian doll‘, Fig.4, structure may be simply modeled as a spherical nonane lens that partially 
wets a spherical water droplet. Nonetheless, the partial miscibility of water–butanol has greatly 
lead to different structures (WM and CS). Consistent with the spherical coordinates DFT [4], the 
structure of our water-butanol nanodroplets are expected to be well mixed and core-shell for 
large and small butanol concentrations, respectively. However, for relatively reasonable 
intermediate concentrations, a new structure different from the Russian-doll is expected resulting 
from the partial miscibility of the water-butanol mixture and also does not belong to the bi-
structural scenario [10].   
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Fig. 4: Snapshot of MD simulation of a nanodroplet containing 1000 water molecules and 
500 nonane molecules at T = 260 K [10]. 
 
1.2.2 Small Critical Nuclei 
The binary critical nuclei usually consists 30-100 molecules for typical ideal experimental 
conditions. The impact of structure in these cases can be easily appreciated by noting the famous 
effect of surface enrichment in water-alcohol system. The molecules of alcohol concentrate at the 
interfaces of vapor-liquid of bulk droplets and small systems decreasing their interfacial tension. 
This strongly reduces the job of critical nucleus formation in binary nucleation, hence leading to 
the famous mutual enhancement of nucleation [25]–[28]. However, after using 
phenomenological models for the surface composition, significant progress has been made [29]–
[33]. The structure in terms of compositional variables has been successfully explained by 
Laaksonen and Kulmala model [5]. This type of models reveals only a simple characterization of 
the cluster structures.  However, for detail spatial resolution, treatment at microscopic levels 
needs to be involved based on molecular dynamics simulation or statistical mechanics.  
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The comprehensive demonstration of surface enrichment can best be attained using 
computational methods such as Monte Carlo (MC) or molecular dynamics (MD) techniques [34], 
[35], which generate computer-processed images of the clusters. Apart from visualization 
facility, these methods enable them to study quantitatively, for quite realistic model systems, the 
complete effect of cluster structure on the process of nucleation. For systems governed by 
complex and realistic intermolecular potentials, recent developments in Monte Carlo sampling 
process developed by Chen et al. [36] and by McKenzie and Chen [37] permit the construction 
of the free energy surface on which nucleation occurs. This possibility allows comprehensive 
investigations of nucleation mechanisms and pathways under conditions similar to those 
investigated experimentally. More recently, study of water/ethanol nucleation reproduced the 
mutual enhancement effect having results that bear reasonable quantitative and excellent 
qualitative agreement with the experimental activities [36], [37].  
In the water/alcohol systems, surface enrichment is a lucid indication of non-ideal 
thermodynamic property [38]. There are even more fascinating structural effects at extreme non 
ideality i.e. in nearly immiscible and partially immiscible systems. Ray and his team [39] used 
classical nucleation theory and discovered that the free energy surface of a partially miscible 
system could have double saddle points, impliedly, there could be two types of mixed critical 
nuclei for the particular vapor state.  Even though classical nucleation theory is extremely 
powerful in understanding how the double saddle points relates to the kinetics of nucleation, it 
however could not uncover the structures of the critical nuclei. Clarke and his team [34] 
discovered multitude different structures at low temperature in a remarkable Monte 
Carlo/molecular dynamics study on small Lennard-Jones binary clusters that might evolve 
depending on the energy strength of the Lennard-Jones potential. Some of the types discovered 
12 
 
were surface-enriched droplets, well-mixed droplets and phase-separated, non-spherical droplets. 
Despite the worth of these insights into the cluster structure‘s energetics, they are somewhat 
worthless with regards to the nucleation process because there is no evidence that these cluster 
structures may exist as critical nuclei. Talanquer and Oxtoby have provided insight in this 
direction [22]. They studied binary nucleation of partially miscible Lennard-Jones systems using 
density functional theory in the square gradient approximation. They also studied the behavior of 
double saddle points. In addition, they found phase-separated, non-spherical droplets in 
agreement to those of Clarke and his Colleagues [34]. In the Monte Carlo simulations by Frenkel 
and Wolde and more advanced density functional theory findings by Laaksonen and Napari for 
binary lennard Jones clusters indicated that the phase separated cluster structures were not 
critical nuclei rather corresponded to local maxima on the free energy surface, therefore not 
significant for nucleation [40], [41]. It is worth noting that all the works carried out by Napari 
and Laaksonen [42], Talanquer and Oxtoby [43] and by Frenken and Wolden [40] were executed 
at single, moderately high temperature nearly twice as that used in the research of Clarke and his 
colleagues [34]. Therefore, even though phase separated, non-spherical Lennard Jones droplets 
may not exist as critical nuclei at temperature close to the triple point, the eventuality however 
still needs to be addressed at low temperatures. 
In the recent study conducted by Chen and Mckenzie [37], they addressed some of these 
prevailing issues. They studied alcohol-nonane system, and they observed strange behavior at 
230K temperature, which coincides with the low temperature utilized in the work of Viisanen 
and his team [44]. The saddle region on the free energy surface was observed to be flat and broad 
for small range of vapour condition, leaving unclear the conception of a single critical nucleus 
having well defined composition. The case continued at 300K and reduced to some extent at 
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360K. They identified at 230K, a subset of clusters with equal number of ethanol and n-nonane 
molecules. They also observed similarity of the cluster structures with nonspherical, phase-
separated Lennard Jones droplets discovered by Clarke et al [34] and Talanquer and Oxtoby 
[22]. These compositions rest on the saddle‘s flat part. However, they did not reveal high 
temperature critical nuclei structure.  
 1.3 Thesis Objectives 
The major goal of this thesis project is to investigate on the properties of droplets particularly 
Aqueous-organic nanodroplets created in the contemporary process of natural gas separation 
methods by studying their formation and structure in highly non-ideal water-butanol systems 
under conditions equivalent to those found in the supersonic separators. The work would also 
present reliable information on nanodroplets activity to the field of cloud and atmospheric 
physics. The work focuses on the changes of the water-butanol nanodroplets structures by 
altering the butanol concentration and varying the temperature values applying NVT molecular 
dynamics simulations. 
 1.4 Thesis Motivations  
Saudi Arabia is one of the leading nations in the production of natural gas which is majorly 
consumed within the country for domestic and industrial purposes. This gas is made of mixtures 
of Methane, water and higher hydrocarbons. Hence, the need for refining this gas to extract the 
desired dry gas arises. Conventionally, the separation methods involve either the use of 
chemicals or reducing its dew point. The processes involve use of very large equipment besides 
the consequence of the use of chemicals to the environment. An alternative to the 
aforementioned techniques is the modern supersonic expansion separation technique. It involves 
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cooling the gas in a supersonic expansion chamber to trigger droplet formation and growth, 
isolate the droplets from the gas and re-compress the gas using diffuser to limit pressure losses. 
The supersonic separator does not require use of chemicals, have no moving parts and is smaller 
than the traditional processes [6], [7], [45]. As this method gets into operation, a number of 
unanswered questions rise pertaining the formation and growth of droplets in the complex 
mixture of the gas, this question would be best answered by studying the droplets structure. In 
addition to the impact of the work on improving natural gas production efficiency, the project 
would be of interest to researchers in the field of atmospheric physics, cloud, aerosol science and 
nucleation. 
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CHAPTER TWO 
THEORY OF MOLECULAR DYNAMICS SIMULATIONS 
The concept of Molecular dynamics (MD) simulation was initiated by Fermi, Pasta and Ulam in 
1950s and Rahman in 1960 [46], [47]. They used IBM 704 computer to investigate the elastic 
collisions existing between hard spheres. Gibson and his team used cohesive force surface along 
with Born-Mayer type of repulsive interaction to simulate radiation damage of solid copper [48]. 
In the 1964, a landmark simulation of liquid argon was published by Rahman [49], where he 
used Lennard-Jones (LJ) potential and calculated the properties of the system such as coefficient 
of self-diffusion and his result was in good agreement with experiments. 
The MD simulation is a computer based technique adopted for the studies of the physical motion 
of atoms and molecules, it is therefore a many body simulation process. The method entails 
study of the dynamics of the atoms from their interaction for a given interval of time. For a 
system of interacting particles, the method involves solving numerically, the Newton‘s equation 
of motion and the Lagrangian for the system in order to obtain the trajectories of the atoms and 
molecules. The potential energies of the particles and the forces between the ensembles are 
obtained from the interatomic potentials [47].  
Molecular systems generally involve large number of particles. Therefore, it is not feasible to 
make analytical approach in order to study the properties of such a system. The introduction of 
the MD simulation could circumvent such difficulty by using numerical approach. Nevertheless, 
long duration MD simulations sometimes come with a mathematical complications caused by 
numerical integration generating cumulative errors. However, this can be reduced by proper 
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selection of parameters and using appropriate algorithm.  For the molecules that exhibit 
ergodicity, the result of a single MD simulation can be used to find the macroscopic 
thermodynamic variables of the system [50]. 
The application of molecular dynamics simulation cannot be overemphasized. It started from the 
field of theoretical physics and got to be promising in the field of biophysics, material science 
and biochemistry [51]. The technique is being utilized in the refining of three-dimensional 
protein structures and other macro molecules using the experimental conditions from Nuclear 
Magnetic Resonance (NMR) spectroscopy or X-ray crystallography. However, in physics, the 
widest application of MD simulation is in the studies of the dynamics of phenomena which are 
mainly at atomic scale, such as ion sub plantation and thin film growth. Such phenomena cannot 
be examined directly due to their microscopic nature. The Physical properties of materials at 
nanoscale can also be examined. The process is crucial in structural biology and biophysics such 
that the motions of biological particles such as nucleic acids and proteins can be carried out.  The 
result can be useful for the interpretation of certain biophysical experimental results and for 
simulating how the particles interact with other molecules. Principally, MD simulations can be 
utilized for ab initio of protein structures by modeling folding of the polypeptide chains [50], 
[52]–[54].  
2.1 Molecular Dynamics Equations of Motion 
The method of molecular dynamics simulation employs step-by-step solving numerically of 
Newton‘s classical equation of motion for the interacting particles to describe the investigated 
system [55]. The particles which in their simplest case could be atoms or molecules follow the 
equations: 
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   (           )                                                                                                ( ) 
where Fi is the force acting upon N particles, ri is the position vector for the i
th
 particle, and m is 
its mass. For the computation of the forces acting on the atoms, we derive them from the 
potential functions, U (r1, r2, …… , rN) describing the potential for particular geometric 
arrangement of the system, 
  (           )       (           )                                                                         ( ) 
This form of the force depicts that the total energy is conserved, 
                                                                                                                                           ( ) 
with Ekin representing the instantaneous kinetic energy. When there is no external forces, we can 
represent the potential in its simplest form as sum of pair wise interactions,  
  ∑  (
 
       
   )                                                                                                                     ( ) 
Here, the condition that      has been used in order to prevent double counting of the 
interaction. rij  is the absolute distance from i
th
 to j
th
 particle. 
The forces acting on the particles are made of the total interacting forces with the individual 
particles in the system, 
  ∑    
 
   
                                                                                                                                                    ( ) 
where the individual forces could be computed as  
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  (   )
    
                                                                                                                                             ( ) 
But, from the Newton‘s 3rd law of motion,  
                                                                                                                                                                ( ) 
However, the computational effort of solving the Newton‘s equation of motion is directly 
proportional to N
2
 and is in most cases related to the evaluation of forces. In order to minimize 
the computational difficulty, we can cut the range to give limiting separation beyond which the 
potential can be neglected [55]. 
2.2  Lennard-Jone’s Potential  
This is one of the most prominent pair potential for Van der waal‘s system, with attractive and 
Pauli repulsive terms. It consists of parameters σ, the diameter, and ε, the potential depth which 
defines the strength of the interaction. This potential has been used in the early studies of the 
liquid argon properties. It is the most commonly used potential and it takes the form [56]: 
 (   )    [(
 
   
)
  
 (
 
   
)
 
]                                                                                                    ( ) 
where     is the distance between the interacting particles. 
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Fig. 5: Schematic diagram of the Lennard-Jones‘s potential. 
As shown in Fig. 5, the potential is predominantly attractive at a relatively long distance, where 
the 2
nd
 term dominates it. Meanwhile, at shorter distance the potential becomes strongly 
repulsive with the 1
st
 term, the Pauli repulsive term dominating the potential. The potential cut 
through zero when rij equals σ, i.e U(σ)=0. However, it reaches its minimum i.e. U(rm)= ε at rm= 
1.1225σ. The choice of the two parameters, ε and σ depends on certain physical properties of the 
system under consideration. For open shell system, the LJ potential is totally inadequate where 
strong localized bonds are created [49]. 
The inter particles forces emerging from the LJ potential have the form: 
    
  
    
 [(
 
   
)
  
 (
 
 
)(
 
   
)
 
]                                                                                                        ( ) 
where the rij
-6 
term represents the attractive term which dominates the other term at sufficiently 
large distance. This term mimic the Van der Waal‘s dispersion forces resulted by dipole-dipole 
interaction of the fluctuating dipoles. The weak forces give the bonding property of closed-shell 
systems like krypton and argon [57]. The rij
-12 
term represents the Pauli repulsive term which 
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dominates the other term at sufficiently short distance. The term describes the repulsion caused 
by non-bonded overlap of the electronic orbitals.  
In MD simulations, the most widely accepted time integration algorithm is perhaps the so-called 
Verlet algorithm [56]. The main idea is to present two third-order Taylor expansions for the 
positions r(t), one backward and the other forward in time. Calling a(t) the accelerations and v(t) 
the velocities, and b the third derivatives of r with respect to time, one gets: 
 (    )   ( )   ( )   .
 
 
/  ( )    .
 
 
/  ( )     (   ) 
 (    )   ( )   ( )   .
 
 
/  ( )    .
 
 
/  ( )     (   ). 
 Adding the two expressions gives  
 (    )    ( )   (    )   ( )     (   )                                                                      (  ) 
And this is basically the so-called Verlet algorithm. Since we are integrating the Newton‘s 
equations, the acceleration is just the force divided by the mass, and the force is in turn a 
function of the position r(t). 
 ( )   .
 
 
/   ( ( ))                                                                                                                           (  )                      
As can be easily seen, the truncation order when evolving the system by Δt is of the order of Δt4, 
even if the third derivatives do not appear explicitly. This algorithm is popular within its type 
owing to its accuracy, stability and simplicity in implementation. 
However, one setback associated with this algorithm is that velocities are not directly generated.  
Despite the fact that the velocities are not required for the time evolution, their knowledge could 
sometimes be needed. Moreover, they are needed for the computation of kinetic energy K, whose 
calculation will in turn be required to test the total energy conservation. This is one of the 
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essential tests carried out to confirm the accuracy of MD simulation. The velocity can be 
computed using 
 ( )  , (    )   (    )-    ⁄                                                                                                    (  ) 
 
2.3 Surface Tension  
Recently, the attention of researchers has been directed toward studying single and binary 
mixtures of liquid-vapor interface of Van der Waal molecules and atoms interacting via LJ 
potential. For relatively simple systems having pair-wise additive potentials, the macroscopic 
characteristics and the quantitative relations between local and molecular interactions have been 
derived [58].  
The interface of binary mixtures of organic compounds can be studied through molecular 
dynamics simulation. Local pressures profile and surface tension can be found from the process 
and cast into individual contribution from the molecules. The surface tension would be 
dependent on the relative strength of the weak Van der Waal‘s forces. The increasing demand of 
the studies of thermodynamics and structural properties of liquid-vapor interface is the direct 
consequence of the fact that there exist some crucial heterogeneous chemical processes occurring 
at such interfaces. One of the promising applications of the MD simulation is the ability to study 
carefully the individual interactions of the components for a chosen system and then provide 
their overall contribution to the interfacial properties [59]. 
The interfacial region for liquid mixtures is highly disordered and inhomogeneous having only 
little molecular diameter thickness. This makes it somewhat difficult to determine, quantitatively, 
the surface composition of the mixture. However, through the use of molecular dynamics 
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simulation, it is easier to determine the density profiles of the constituents through the interface. 
Nevertheless, one needs to make comparison between the simulations and the experimental 
results. Such a link could be given by the surface tension, because it is the quantity which is 
accessible both experimentally and via simulation [60]. 
The main expression leading to evaluation of the surface tension is to use the famous relation: 
  (
 
 
)∫ *   ( )  
  
 
,   ( )     ( )-  ⁄ +                                                                                   (  ) 
Here, n is the number of surfaces,     is the normal pressure and     (   ) are the tangential 
pressure values [61]. 
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CHAPTER THREE 
MOLECULAR DYNAMICS SIMULATIONS  
3.1 METHODOLOGY 
Molecular dynamics simulation technique has been employed to study multicomponent structure.  
The simulation of the mixture of water-butanol nanodroplets systems was initiated and packed 
using the Packmol package [62]. The simulation has been carried out with a single-precision 
compilation of the Gromacs MD simulation package [63]. Using canonical ensemble (NVT) with 
Periodic boundary conditions, long time simulation of our binary mixture was conducted. The 
Nose-Hoover algorithm [64] was applied in controlling the system‘s temperature with a fixed 
coupling time. The methyl and methylene groups of butanol were treated in the united atom 
approximation. The Lennard Jone‘s potential with 1.5 nm cut-off radius was used in governing 
the short-ranged intermolecular interactions. Similarly, the long-range coulomb interaction has 
been taken up to the cut-off radius 1.5 nm. The short and long range interactions were managed 
with twin range cutoff and Particle Mesh Ewald (PME) algorithm, respectively.  
 
3.2 MD OF PURE BUTANOL 
Pure butanol ensembles have been studied separately prior to the water-butanol mixture in order 
to confirm its purity and observe its properties as compared to the standard ones in the literature 
and experiments [65]. A 500 butanol molecules were considered and the job was submitted for 
100 ns at various temperatures ranging from 240-300K. We calculated the surface tension at 
24 
 
each temperature within time average of 80-100ns. The volume of the simulation box used to 
accommodate the ensembles was 3.1 x 3.1 x 20 nm3.  
The values of the surface tension of Transferable Potential for Phase Equilibrium Field (TraPPE) 
model of butanol, at various temperatures, are plotted and compared to experimental results as 
presented in Fig. 6. From our analysis, the surface tensions of the model shows a good agreement 
with experimental data and behaves consistently, like that of the literature, with increased 
temperature.  
 
  Fig. 6: Temperature dependence of butanol surface tension  . 
Moreover, TraPPE force field is known to give reasonable vapor-liquid coexistence curve [66]. 
In our simulations, to restudy the liquid part of phase diagram (binodal line), we focus on the 
butanol equilibrium liquid density variation with temperature ( vs. T). As shown in Figure 7, 
the results are in good agreement with the experimental values specially the behavior with 
temperature.  
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  Fig. 7: Temperature dependence of butanol equilibrium density  . 
3.3 MD OF WATER-BUTANOL PLANAR INTERFACES 
The simulation system consists of initial configuration of two slabs of 500 butanol molecules 
each, sandwiching a slab of 2500 water molecules. The structure was created in form of a box of 
volume 3.1x3.1x35 nm
3
. The Z-axis is situated in such a way that it is perpendicular to the 
interfaces. For all the three spatial dimensions, Periodic boundary conditions were applied. The 
snapshot of the initial configuration of WB bulk structure was also presented in Fig. 8, and the 
final mixture after applying the canonical and molecular dynamics simulations for 100ns is 
presented in Fig. 9. The former shows the water in between the two butanol phases while the 
later shows how the two components of the mixture spread into each other according to their 
respected solubility values. 
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Fig. 8: Snapshot of the initial configuration of the water-butanol mixture at t=0.0ns. 
 
Fig. 9: Snapshot of the final configuration of the water-butanol mixture after 100ns. 
 
Series of molecular dynamics simulations have been carried out on the bulk mixture of butanol 
and water with a view to study the thermodynamics property and solubility of the two liquids in 
each other and to identify the sensitivity of the properties to the Lennard Jone‘s parameters. The 
solubility of water in butanol,    , and the solubility of butanol in water,    , can easily be 
computed from the density profile. Lower repulsion between the oxygen of water and carbon of 
butanol will generate higher solubility. Understanding these characteristics gives details of the 
relationship between the macroscopic properties and the van der Waals parameters. Our 
molecular dynamic simulations were carried for Extended Simple Point Charge (SPC/E) model 
of water and TraPPE butanol [67]. The water-butanol cross interactions are modeled using LJ 
potential with energy and size parameters adjusted to reproduce experimentally observed water-
butanol mutual solubility at room temperature, Table 1. Here, we only adjusted the cross 
interaction strengths between water‘s oxygen atom,    , and the neutral (zero-charge) butanol‘s 
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carbon united atoms as    √         . All other cross interactions strengths were calculated 
without adjustment as    √     . 
 
Table 1. Lennard Jones Parameters of TraPPE butanol [68] with    as the water oxygen - butanol 
cross interaction LJ parameters. 
(pseudo) atom   [kJ mol-1] σ [Å] q [e]    √          
[CH3]-CH2- 0.81982 3.750 0.000 0.827867 
CH3-[CH2]-CH2 0.38747 3.750 0.000 0.598678 
(pseudo) atom   [kJ mol-1] σ [Å] q [e]    √      
  CH2-[CH2]-OH 0.38747 3.950 0.265 0.498678 
O 0.77824 3.020 -0.700 0.709053 
H 0.00000 0.000 0.435 0.000000 
 
With these van der Waal‘s parameters, we have calculated the density profile for the slabs of the 
water-butanol mixture over the average timeframe of 80-100ns range of the computation. Fig. 10 
shows the plotted density profiles along the Z-side of the simulation box. 
 
Fig. 10: Density profile of the water-butanol bulk structure at T=295K. 
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The solubility of water in the butanol was calculated according to the percentage mass fraction 
expression. Since we calculate the average mass-densities (   
  
 
 and    
  
 
) in the same 
region, the volume in Eqs. 4.1 and 4.2 cancels out giving the desired mass fraction. Hence, the 
solubility of water-in-butanol is given by  
                  .
  
     
/      ……………………………………...4.1, 
and similarly the solubility of butanol-in-water can be determined through 
                 (
  
     
)      …………………………………………4.2. 
 At room temperature, our calculations yield the values 17.2 % for the solubility of water-in-
butanol and 11.4 % for the butanol-in-water. These findings are in excellent approximation with 
the reported values in the literature [69] and are sufficient to have proper simulations of our 
system and its nanodroplets structures, at least qualitatively. 
3.4 MD OF WATER-BUTANOL NANODROPLETS 
The spherical nanodroplets were also studied at different configuration where we observed the 
structures by tuning the butanol concentration at the same temperature of DFT study, T= 250K. 
The spherical nanodroplets were initiated and packed using Packmol package. We used a fixed 
number of 1000 molecules of water throughout our simulation for the spherical configurations. 
The canonical molecular dynamics simulation was applied for a very long time of 100ns to 
ensure full equilibration. The cross interactions between the atoms were also guided by the 
model parameters appropriately chosen in order to match the literature solubility values.  
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The simulation was first executed for 200 Butanol molecules at 250K temperature. The butanol 
concentration was then gradually increased to study the effects on the resulting structures. 
Confirming DFT results, our investigations revealed a Core-Shell structure for 200 Butanol 
molecules as presented in Fig. 11. The core-shell structure is formed such that the water 
molecules converge at the center surrounded by the butanol molecules. 
 
 
 
Fig. 11: Snapshot of the Core-shell Structure of the spherical nanodroplets for 200 Butanol and 
100 Water molecules at T=250K 
 
However, for 1000 Butanol molecules at 250K, we observed an entirely different structure, 
where the two components of the mixture completely separate from each other with the water 
molecules shrinking at one end and the butanol molecules converging to the other end and 
sparingly covering the water molecules as presented in Fig. 12. This structure can be called 
Phase separated Russian Doll-Shell (RDS) structure where the lens-on-sphere structure is coated 
by a thin layer of butanol. 
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Fig. 12: Snapshot of the Phase-separation Structure of the spherical nanodroplets for  1000 
Butanol and 1000 Water molecules at T=250K. 
 
Figures 13a and 13b represent the map of the average local number density [n (m
-3
)] of water and 
butanol, respectively, around a symmetry axis that passes through the center of water-rich and 
butanol-rich phases in the RDS structure. Our average is carried over the time period 80-100ns. 
 
Fig. 13: Number density map around a symmetry axis connecting the center of water-rich phase 
and the butanol-rich phase. (a) Shows a water-rich core with diameter approximately equals 2.5 
nm. (b) Shows butanol-rich lens confines the water core. The thin layer of butanol that coats the 
lens-on-sphere structure is partially seen in our simulation as a red strip in the butanol-rich lens. 
 
(a) (b) 
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In addition, we continued to increase the butanol concentration until we found that the two 
components of the mixture have thoroughly mixed with each other. For example, WM structure 
is vividly recognized for 3000 molecules of butanol and 1000 molecules of water at T=250K. 
The snapshot of the resulting mixture is shown in Fig. 14.  
 
Fig. 14: Snapshot of the Well-Mixed Structure of the spherical nanodroplet for 3000 Butanol and 
1000 water molecules at T=250K. 
 
To study the stability of RDS structure under temperature variation, we increased the 
temperature for fixed butanol and water concentrations (1000 Butanol and 1000 Water 
molecules) and studied the nanostructure of our droplets. We found that this concentration varies 
gradually from the RDS region to the WM region in the phase diagram ending up with the WM 
nandroplet structure as shown in Fig. 15. However, by lowering the temperature less than 250K, 
we expect the RDS structure becomes more pronounced as the water-rich core expands by 
absorbing more water molecules from the butanol-rich lens and the butanol-rich lens becomes 
more butanol-richer. Eventually, it is worthily to extremely decrease the temperature until the 
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water and butanol become completely immiscible and thereafter we can figure out whether the 
system pertains its RDS structure or will convert to another structure such as RD structure. 
 
 
Fig. 15: Snapshot of the Well-Mixed Structure of the spherical nanodroplets for 1000 Butanol 
and 1000 water molecules at T=295K 
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CHAPTER FOUR 
CONCLUSION AND RECOMMENDATIONS 
 
4.1 CONCLUSIONS 
We carried several canonical molecular dynamics simulations on water/butanol binary 
nanodroplets and proposed a model that mimics the properties of the real mixture based on 
experimental findings. The water-butanol mutual solubilities were computed at room 
temperature. Moreover, the surface tension and liquid density of the pure TraPPE butanol was 
computed for various temperatures in order to confirm its properties and existence. 
Furthermore, we packed the nanodroplets in form of spheres centered in a larger square box and 
applied the canonical molecular dynamics simulation by tuning the concentration of the butanol. 
We observed a core-shell (CS) structure for 200 molecules of butanol and 1000 molecules of 
water at a temperature of 250K. We also observed a Phase-separation RDS structure for 1000 
molecules of butanol and 1000 molecules of water at 250K. However, the phase separation 
structure converted to WM structure by increasing the temperature indicating that the solubility 
increased and the concentration conditions afterwards belongs to the WM region instead of the 
RDS region in the phase diagram. Moreover, at 250K, increasing the butanol number to 3000 
molecules at constant water concentration also created a well-mixed structure. 
Our results agree with the DFT study of water-alcohol nanodroplets at low butanol 
concentrations (CS structure) and high butanol concentrations (WM structure). However, it does 
not confirm the double-saddle regions in the free energy surface for moderate butanol 
concentrations (bi-structural region by DFT shows CS alongside WM structures) but actually it 
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shows a new structure combining both the CS and WM in one structure. This RDS structure 
suggests a wide single-saddle point region in the free energy surface where we expect the work 
of formation of our RDS nanodroplets to be lowest.  
We could attribute this discrepancy between our MD and their DFT results to the mean-field 
approximation of using Yukawa potential with the classical DFT and spherical symmetry. The 
researchers of reference [4] started their computations from CS region and they tuned the 
parameter towards the bi-structural region where they keep finding the CS structure all the way 
cross the region. Similarly, when they moved from the WM structure toward the bi-structural 
region, they only saw WM structure in the bi-structural region. 
 Vividly, their bi-structural region is actually our RDS structure region and the binary water-
butanol nanodroplets can have three different structures instead of two. For more explanations, 
they saw two different structures in the bi-structural region because of the mean-field limitations 
of their classical DFT due to using spherical coordinates with Yukawa potential. Thus, DFT can 
only see the density profiles between the center of the RDS water-rich core and the vapor phase 
toward the +Z-axis in figure 13a and WM density profiles between the center of RDS butanol-
rich lens and the vapor phase toward the –Z-axis in figure 13b.  
 
4.2 RECOMMENDATIONS 
 
1) This thesis work was conducted for water/butanol mixture. Therefore, there is need to 
apply such simulations to the mixtures of other organic solvents and water in order to 
explore their various properties. 
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2) For the current work, the van der Waal parameters for water are well documented in the 
literature. However, the parameters for butanol need some further investigations for 
lower temperature. 
3) The water/butanol mixture needs to be studied deeply at extremely high and low 
temperatures in order to explore some possible structures and their thermodynamic 
behavior at such extremities.  
4) More study need to be performed to find wither our RDS structure is a critical nuclei or 
not. This is important because only those structures that reach the critical size are 
significant to the nucleation process.  
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